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SEPARATION SCIENCE AND TECHEOLOGY, 16(9) ,  pp. 1019-1035, 1981 

Status of Technology for the Recovery of Uranium 
from Seawater 

A. D. KELMERS 
OAK RIDGE NATIONAL LABORATORY 
P. 0. BOX X 
OAK RIDGE, TENNESSEE 37830 

ABSTRACT 

Experimental work involv ing  recovery of uranium from seawater 
i s  c u r r e n t l y  under way i n  s e v e r a l  c o u n t r i e s .  
has  been r e p e a t e d l y  i d e n t i f i e d  as t h e  most promising candida te  adsor- 
bent .  However, many of i t s  p r o p e r t i e s  such as d i s t r i b u t i o n  c o e f f i -  
c i e n t ,  s e l e c t i v i t y ,  l o a d i n g ,  and p o s s i b l y  long-term s t a b i l i t y  may be 
inadequate  f o r  a p r a c t i c a l  recovery system. Also, e v a l u a t i o n s  of 
t h e  energy e f f i c i e n c y  of pumped o r  t i d a l  power methods of contac t -  
ing  t h e  seawater w i t h  t h e  hydrous t i t an ium oxide are i n  major d i s -  
agreement. 
an o r d e r  of magnitude. 
i t i e s  are def ined ,  based on a l i t e r a t u r e  review of t h e  a v a i l a b l e  
chemical information.  The prime recommendation i s  f o r  a fundamental 
l a b o r a t o r y  chemical development program t o  achieve improved absorbent  
p r o p e r t i e s ,  e i t h e r  w i t h  hydrous t i t an ium oxide o r  o t h e r  m a t e r i a l s .  
Some unresolved engineer ing  a s p e c t s  of uranium recovery from seawater 
are a l s o  i d e n t i f i e d .  

Hydrous t i t a n i u m  oxide 

Publ ished estimates of t h e  c o s t  of recovering U3O8 vary  by 
Needed f u t u r e  research  and development a c t i v -  

INTRODUCTION 

The e a r t h ' s  oceans conta in  approximately 4 x lo9 tons  of uranium, 

al though a t  t h e  very low concent ra t ion  of $3.3 ppb (1). 

a b i l i t y  of a s u i t a b l e  e x t r a c t a n t  o r  sorbent  would, i n  p r i n c i p l e ,  a l low 

The a v a i l -  
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1020 KELMERS 

recovery of t h i s  uranium s i n c e  i t  is a l r e a d y  i n  s o l u t i o n .  Four b i l l i o r  

tons  of uranium would f u e l  many r e a c t o r s  f o r  a very  long t i m e ;  t h u s  

t h e  p o s s i b i l i t y  of recover ing  uranium from seawater has  rece ived  

a t t e n t i o n  over t h e  p a s t  t h r e e  decades. This  paper c o n t a i n s  a lit- 

e r a t u r e  survey,  an assessment  of t h e  c u r r e n t  state of technology of 

uranium recovery from seawater, and a d e s c r i p t i o n  of needed f u t u r e  

research  and development. 

LITERATURE S U R E  

The l i t e r a t u r e  survey w a s  conducted p r i m a r i l y  by searching  Chemical 

Abs t rac ts ,  volumes 86 (1977) through 92 (1980). A comprehensive review 

of t h e  programs i n  s e v e r a l  f o r e i g n  c o u n t r i e s  a s  of t h e  f a l l  of 1978 is  

contained i n  Chapter 15 of r e f e r e n c e  2 .  

have appeared i n  Japanese j o u r n a l s  (3-5) and German p u b l i c a t i o n s  (6,7), 

and an ex tens ive  b ib l iography w a s  publ ished i n  1979 under DOE fund- 

ing  ( 8 , 9 ) .  The a v a i l a b i l i t y  of such source  materials precluded t h e  

need t o  extend t h i s  l i t e r a t u r e  survey p r i o r  t o  1977. 

A number of review a r t ic les  

Work i n  t h e  United Kingdom 

An a c t i v e  program w a s  conducted i n  t h e  United Kingdom fram t h e  

l a t e  1950s t o  about  1970 (10). Many p o s s i b l e  s o r b e n t s  were screened,  

and hydrous t i t a n i u m  oxide  was i d e n t i f i e d  as having t h e  b e s t  proper- 

ties. 

ing t h e  hydrous t i t an ium oxide  w i t h  seawater. The energy consumed 

i n  pumping seawater through an adsorbent  bed may be a s i g n i f i c a n t  

f r a c t i o n  of t h e  energy a v a i l a b l e  from t h e  uranium a f t e r  i t s  recovery 

and u s e  i n  nuc lear  power p l a n t s ;  t h u s  des ign  emphasis w a s  given t o  

t h e  t i d a l  bas in  concept. 

annual ly  (which would supply a l a r g e  f r a c t i o n  of t h e  United Kingdom's 

needs) w a s  es t imated  t o  enc lose  777 t o  1.036 sq km (300 t o  400 square  

mi les )  of ocean, The combined annual  f low of a l l  t h e  water through 

t h e  straits  of Dover p l u s  t h e  I r i s h  Sea w a s  c a l c u l a t e d  t o  conta in  

less t h a n  10,000 t o n s  of uranium per  y e a r .  Thus i t  appeared t h a t  

t h e  B r i t i s h  Isles might no t  have a s u i t a b l e  l o c a t i o n  f o r  a uranium- 

Both t i d a l  bas in  and pumped schemes were analyzed f o r  contac t -  

A f a c i l i t y  t o  recover  10,000 t o n s  of uranium 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



TECHNOLOGY OF URANIUM FROM SEAWATER 1021 

from-seawater p l an t ,  and the  program has been inac t ive  f o r  almost 

a decade. Only one recent  United Kingdom reference  w a s  i d e n t i f i e d  (11). 

Work i n  t h e  United S t a t e s  

Only a small  experimental e f f o r t  has been conducted i n  the  

United S ta t e s .  This undoubtedly r e s u l t s  from our cur ren t  p l e n t i f u l  

uranium resources,  i n i t i a l l y  i n  the  western intermountain region 

and now a l s o  a s  a by-product of phosphoric ac id  production. 

ORNL review of t he  United Kingdom technology f o r  uranium from sea- 

water questioned the  very op t imis t i c  parameters employed i n  e a r l y  

United Kingdom c o s t  estimates (12). Recently, an ex tens ive  study 

of t he  s i t i n g  and design of a uranium-from-seawater recovery p lan t  

w a s  supported by the  DOE Grand Junction Office (2,8,9,13).  The 

following conclusions were drawn: 

An 

1. 

2. 

3. 

4 .  

5. 

Uranium i s  held i n  so lu t ion  i n  t h e  oceans as uranyl t r i ca rbona te  

anion f o r  periods of t i m e  which a r e  long, compared with t h e  

c i r c u l a t i o p  and mixing of t he  ocean deeps. 

The uranium concentration v a r i e s  with the  ocean s a l i n i t y  but 

averages about 3.3 ppb, equivalent t o  a t o t a l  of 4.5  x l o 9  tons.  

However, only about 0.16 x l o 9  tons should be considered acces- 

s i b l e  f o r  recovery from the  well-mixed sur face  l aye r  of the  

oceans. 

The only U . S .  s i t e  with a t i d a l  range s u i t a b l e  f o r  a t i d a l  

basin scheme is Cook I n l e t ,  Alaska, but t he  low water temperature 

and r eg iona l  ocean c i r c u l a t i o n  pa t t e rns  make t h i s  s i te unat t rac-  

t i v e .  

The most favorable  s i t e  f o r  a pumped seawater p lan t  i s  i n  Puerto 

Rico adjacent t o  t h e  A n t i l l e s  Current,  which would continuously 

supply f r e s h  seawater and remove t h e  p lan t  e f f l u e n t .  

A chemical process based on hydrous t i t an ium oxide as t h e  

adsorbent w a s  s e l ec t ed ,  and design and cos t  es t imates  were com- 

p l e t ed  f o r  a 500-ton-LJ308-per-year continuous fluidized-bed 

recovery f a c i l i t y .  

a labor  fo rce  of 700 was pro jec ted  a t  a c o s t  of $12.5 mi l l i on  

per year. 

The c a p i t a l  c o s t s  were $6.2 b i l l i o n ,  and 
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1022 KELMERS 

6 .  The c o s t  of r e c o v e r i n g  uranium from seawater  ranged from $2100 

to $3600 per  pound of U3O8. 

7 .  Some of t h e  key chemical  process  parameters  had t o  be es t imated  

due t o  t h e  l a c k  of exper imenta l  d a t a .  

c a p i t a l  i n t e n s i v e ;  t h u s  t h e  p r o j e c t e d  c o s t s  are v e r y  s e n s i t i v e  

t o  t h e  va lues  s e l e c t e d  f o r  some of t h e s e  parameters .  

The p r o c e s s  is v e r y  

Another DOE-funded engineer ing  e v a l u a t i o n  has r e c e n t l y  been 

completed (14) .  A computer program w a s  developed t o  s i m u l a t e  

engineer ing  performance and provide  an economic a n a l y s i s  of a num- 

ber  of conceptua l  schemes which employed a h y p o t h e t i c a l  hydrous 

t i t a n i u m  oxide  adsorbent  coa ted  on p a r t i c l e s  o r  tubes .  It was 

concluded t h a t  t h e  minimum expected c o s t s  of uranium recovered from 

seawater would be  no lower t h a n  $316 p e r  pound of  U 3 O 8 .  

c a l c u l a t e d  t h a t  more energy would be consumed i n  pumping than  would 

be a v a i l a b l e  from t h e  uranium i f  t h e  seawater were pumped h igher  

than a 10-foot head (14) .  

I t  w a s  a l s o  

Work i n  European Count r ies  

The most a c t i v e  e f f o r t  i n  Europe now is being c a r r i e d  o u t  i n  

Germany. Scoping s t u d i e s  have compared t i d a l  b a s i n  and se r ia l  column 

c o n t a c t i n g  methods and are e v a l u a t i n g  t h e  des ign  o f  a t e c h n i c a l  

i n s t a l l a t i o n  and t h e  energy ba lance  (15-17). Various organic  and 

inorganic  adsorbents  a r e  being t e s t e d ,  as w e l l  as n a t u r a l  materials 

such as c o a l  o r  pea t  (18-28). Work i n  t h e  S o v i e t  Union h a s  con- 

s i d e r e d  t h e  recovery of uranium from 232U-labeled seawater  by 

i n o r g a n i c  and o r g a n i c  adsorbents  (29-31).  A s i n g l e  r e c e n t  French 

p u b l i c a t i o n  (32) i d e n t i f i e d  t h e  exchange r e a c t i o n  o c c u r r i n g  when 

UOz(C03) 34- is  adsorbed by hydrous t i t a n i u m  oxide  as: 

2fTiOH + 4ZTiONa + 3Na~,UOz(C03)3 + 

~ N ~ , + ( Z T ~ O ) ~ U O ~ ( C O ~ ) ~  + 2H + + 3C032- + 4Na + 
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TECHNOLOGY OF URANIUM FROM SEAWATER 1023 

Work i n  Japan 

An extensive e f f o r t  has developed i n  Japan i n  the  l a s t  s eve ra l  

years ,  poss ib ly  because of t h e i r  l imi ted  domestic uranium resources.  

Several  research  groups have published a s u b s t a n t i a l  number of 

papers,  and numerous pa t en t s  have been issued. 

a r e  being considered, although much of t he  work dea l s  with hydrous 

t i tanium oxide. 

Many types of sorbents  

Three publ ica t ions  from the  Hi tachi  Research Laboratory (33-35) 

a r e  the  f i r s t  t o  quant i fy  some important process parameters f o r  

hydrous t i tanium oxide. The k i n e t i c s  of adsorption w a s  s tud ied  and 

co r re l a t ed  wi th  the  c r y s t a l l i t e  sur face  proper t ies .  

mechanism was determined t o  be: 

The so rp t ion  

TiO(0H)Z + U0,(C03)34- + Ti03-U02 + 2HC03- + C032- (2) 

- 
The competit ive adsorption of U02(OH)3 w a s  a l s o  considered, The 

e f f e c t  of o ther  ions present i n  seawater w a s  measured and found t o  

reduce t h e  uranium d i s t r i b u t i o n  c o e f f i c i e n t  by a f a c t o r  of 10. The 

depos i t ion  of CaC03 from the  seawater onto the  hydrous t i t an ium oxide 

was pr imar i ly  respons ib le  f o r  depressing the  uranium uptake, although 

magnesium carbonate a l so  had a negative e f f e c t .  

A group a t  t he  Tohoku University has a l s o  been studying hydrous 

t i tanium oxide (36-39). Al te rna t ive  means of preparing the  exchanger 

were t e s t ed .  

ab le  i n  obta in ing  reproducible r e s u l t s  and high exchange capac i ty .  

Both the  exchange stoichiometry and acid-base p rope r t i e s  of t he  

exchanger were examined; hydrous t i t an ium oxide w a s  concluded t o  be 

a four-functional weakly a c i d i c  ca t ion  exchanger. A s t r u c t u r a l  

formula was suggested, based on ion-exchange capac i ty ,  thermal 

decomposition curves,  and x-ray d i f f r a c t i o n  and in f r a red  s p e c t r a l  

da ta .  

standing i n  a i r  a t  room temperature f o r  3 t o  6 months due t o  

p r e f e r e n t i a l  des t ruc t ion  of t he  most .ac id ic  hydroxyl groups by a 

dehydr a t  ion-condensat ion  r e a c t  ion. 

Repeated aging and washing were found t o  be indispens- 

The exchanger showed an abrupt decrease i n  capac i ty  a f t e r  
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Two d i f f e r e n t  groups have been s tudying  composite adsorbents  

t o  a t tempt  t o  combine t h e  f a v o r a b l e  p r o p e r t i e s  of more than  one 

material. The Government I n d u s t r i a l  Research I n s t i t u t e  a t  Takamatsu 

f i r s t  s t u d i e d  alumina-act ivated carbon (40-43) and t h e n  a zinc-  

a c t i v a t e d  carbon composite absorbent  ( 4 4 , 4 5 ) .  Most r e c e n t l y ,  they 

have been s tudying  t i t an ium-ac t iva ted  carbon ( 4 6 , 4 7 ) .  An e v a l u a t i o n  

of i t s  a d s o r p t i v i t y  of seawater c o n s t i t u e n t s  i n d i c a t e d  t h e  fo l lowing  

order :  a lka l i  metals, halogens,  s u l f u r  < boron, a l k a l i n e  e a r t h  

metals < phosphorus, a r s e n i c  < t r a n s i t i o n  metals, uranium. Polyvinyl  

a l c o h o l  w a s  t e s t e d  as a b i n d e r .  R e s u l t s  of  c y c l i c  adsorp t ion-  

d e s o r p t i o n  tests showed t h a t  uranium a d s o r p t i o n  decreased as t h e  

number of c y c l e s  i n c r e a s e d .  

Composite a d s o r b e n t s  of t i t an ium(1V)- i ron( I1)  ox ide  mixtures  

have been s t u d i e d  at  t h e  H i t a c h i  Research Laboratory (48 ,49 ) .  The 

composite w a s  composed mainly of s m a l l  p a r t i c l e s  of  a n a t a s e  and l a r g e  

p a r t i c l e s  of magnet i te .  Uranium a d s o r p t i o n  c a p a c i t y  was r e l a t e d  t o  

t h e  mean pore  s i z e  and q u a n t i t y  of s u r f a c e  -OH groups. 

materials are  magnetic. A 400-625 mesh p a r t i c l e  s i z e  adsorbent  

could be magnet ica l ly  recovered w i t h  99% e f f i c i e n c y  a f t e r  d i s p o s a l  

i n  seawater. 

These 

A group a t  Okayama College of Science h a s  been s tudying  poly- 

acrylamide g e l s  c o n t a i n i n g  metal hydroxides  (50-52) .  Only t i t a n i u m  

hydroxide w a s  u s e f u l  f o r  t h e  e x t r a c t i o n  of uranium from seawater. 

E l e c t r o l y s i s  w a s  a l s o  i n v e s t i g a t e d  (53). The use  of b i o l o g i c a l  

systems t o  recover  uranium from seawater is be ing  i n v e s t i g a t e d  

by a group a t  Miyazaki Medical Col lege  (54 -56 ) .  

Chemical I n d u s t r y  i t  w a s  shown t h a t  foam c o l l e c t e d  a t  t h e  seashore  

w a s  10 times more concent ra ted  i n  uranium than seawater, and beach 

sand w a s  enr iched  10 t o  100 t i m e s  over  o t h e r  sand ( 5 7 ) .  The use  

of c h e l a t i n g  r e s i n s  w a s  i n v e s t i g a t e d  a t  Kumanoto U n i v e r s i t y  ( 5 8 ) ,  

and a polymer bound macrocycl ic  hexaketone w a s  t e s t e d  a t  Kyoto 

Univers i ty  ( 5 9 ) .  

I n  work a t  Asahi 

The a p p l i c a t i o n  of t h e  e x i s t i n g  technology t o  t h e  recovery  

of uranium from seawater w a s  d i scussed  i n  t w o  art icles ( 6 0 , 6 1 ) .  
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TECHNOLOGY OF URANIUM FROM SEAWATER 1025 

Work i n  Other Countries 

Y e t  another screening program t o  eva lua te  adsorbents t o  scavenge 

uranium from seawater was reported i n  an a r t i c l e  from India  ( 6 2 ) ;  

hydrous t i tanium oxide w a s  aga in  i d e n t i f i e d  as having the  bes t  prop- 

e r t i e s .  

mechanism of uranium adsorp t ion  i n  TiO(OH)2 w a s  noted ( 6 3 ) .  

An a r t i c l e  from the  People’s Republic of China on the  

ASSESSMENT OF THE CURRENT STATE OF TECHNOLOGY 

The cur ren t  state of t h e  technology f o r  recovering uranium from 

seawater can only be charac te r ized  a s  p r imi t ive  desp i t e  t h r e e  decades 

of e f f o r t .  Most of t he  published information descr ibes  screening 

s t u d i e s  t o  eva lua te  ex i s t ing  poss ib l e  adsorbents o r  engineering cos t  

estimates ca lcu la ted  from hypothe t ica l  recovery schemes. 

descr ib ing  comprehensive development e f f o r t s  t h a t  would e s t a b l i s h  

f i rm process parameters has been reported.  

L i t t l e  work 

The concentration of uranium i n  seawater i s  about t h r e e  o rde r s  

of magnitude less than that i n  any commercial process f o r  t h e  economic 

recovery of a m e t a l .  

t ies of an adsorbent designed f o r  uranium recovery from seawater. The 

pro jec ted  p rope r t i e s  of a s a t i s f a c t o r y  ex t r ac t an t  t h a t  would permit 

economic recovery of uranium from seawater are charac te r ized  i n  

genera l  terms i n  the  following paragraphs, and these  des i red  p rope r t i e s  

a r e  q u a l i t a t i v e l y  compared wi th  the  published information on hydrous 

t i tanium oxide. Hydrous t i t an ium oxide was se lec ted  f o r  t h i s  com- 

par i son  s ince  screening tests conducted over t h r e e  decades i n  seve ra l  

coun t r i e s  have repeatedlly i d e n t i f i e d  it  a s  t h e  most e f f e c t i v e  of 

those t e s t ed .  

This p laces  s t r i n g e n t  requirements on t h e  proper- 

A successfu l  ex t r ac t an t  must have t h e  following c h a r a c t e r i s t i c s :  

1. Very high d i s t r i b u t i o n  c o e f f i c i e n t ,  s ince  uranium i s  s o  d i l u t e  

i n  seawater. To obta in  reasonable adsorbent loading l e v e l s ,  

d i s t r i b u t i o n  c o e f f i c i e n t s  (DCs) of l o 6  to  l o 8  would be needed. 

No known e x t r a c t a n t s  f o r  any metal from any so lu t ion  have D C s  

i n  t h i s  range. 

s t r a t e d  DCs of about l o 5 ,  while DCs f o r  s o l i d  ion  exchangers 

The b e s t  p r a c t i c a l  l i q u i d  e x t r a c t a n t  has  demon- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



KELMERS 

2. 

3. 

4 .  

5. 

are more t y p i c a l l y  l o 3  t o  l o 4 .  
oxide f o r  uranium from seawater w a s  g iven  i n  r e f e r e n c e  35 as 

The DC f o r  hydrous t i t a n i u m  

2 l o 4 .  

A v e r y  high s e l e c t i v i t y ,  s i n c e  seawater c o n t a i n s  many o t h e r  i o n s  

a t  much h igher  c o n c e n t r a t i o n s .  The a d s o r p t i o n  of uranium from 

seawater on hydrous t i t a n i u m  o x i d e  i s  r e p o r t e d  t o  be  reduced 

by an o r d e r  of magnitude compared t o  uranium i n  s y n t h e t i c  

s o l u t i o n s  due t o  calcium carbonate  a d s o r p t i o n  (35). Thus loaded 

hydrous t i t a n i u m  oxide  may c o n t a i n  200 t imes as much calcium and 

magnesium as  uranium ( 4 ) .  

A h i g h  loading ,  i n  o r d e r  t o  minimize t h e  s i z e  of  t h e  f a c i l i t y .  

The r e p o r t e d  c o n c e n t r a t i o n  of uranium on loaded hydrous t i t a n i u m  

oxide  i s  only 100 t o  1000 ppm due t o  t h e  unfavorable  d i s t r i b u -  

t i o n  c o e f f i c i e n t  and s e l e c t i v i t y  c h a r a c t e r i s t i c s .  This  con- 

c e n t r a t i o n  i s  lower t h a n  t h a t  f o r  some convent iona l  uranium 

ores. Thus a d d i t i o n a l  c o n c e n t r a t i o n  and p u r i f i c a t i o n  s t e p s  

must be employed a f t e r  t h e  uranium h a s  been adsorbed onto  t h e  

hydrous t i t a n i u m  oxide.  These s t e p s  have never  been c l e a r l y  

def ined  exper imenta l ly ,  and t h e  p r e p a r a t i o n  of  s i g n i f i c a n t  

p u r i f i e d  samples of uranium from seawater has  n o t  been r e p o r t e d .  

Rapid loading  k i n e t i c s ,  i n  o r d e r  t o  minimize c o n t a c t  t i m e s .  

This  is v e r y  important  i n  a seawater scheme because of t h e  very  

l a r g e  volumes of water involved.  Recent k i n e t i c  d a t a  (32) 

show c o n t a c t  t i m e s  of 1 t o  2 h f o r  hydrous t i t a n i u m  oxide  i n  

o r d e r  t o  a t t a i n  equi l ibr ium.  Such long times are h i g h l y  unfavor- 

a b l e  and would g r e a t l y  i n c r e a s e  t h e  s i z e  of any proposed i n s t a l l a -  

t i o n ;  converse ly ,  shor tened  t imes  would d e c r e a s e  t h e  o v e r a l l  

recovery e f f i c i e n c y .  

Rapid e l u t i o n  k i n e t i c s ,  p r e f e r a b l y  i n t o  an e l u e n t  which i s  

d i f f e r e n t  from t h e  e x t r a c t i o n  medium. Unfor tuna te ly ,  o n l y  con- 

c e n t r a t e d  carbonate  o r  b i c a r b o n a t e  s o l u t i o n s  have proved t o  be  

e f f e c t i v e  f o r  e l u t i n g  uranium from loaded hydrous t i t a n i u m  oxide  

without  d e s t r o y i n g  t h e  adsorbent .  Thus t h e  uranium i n  t h e  

e l u e n t  i s  s t i l l  q u i t e  d i l u t e  (ppm range)  i n  a concent ra ted  car -  
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TECHNOLOGY O F  URANIUM FROM SEAWATER 1027 

bonate so lu t ion  and a d i f f i c u l t  second p u r i f i c a t i o n  s t e p  must 

be undertaken. This second s t e p  has not been w e l l  e s tab l i shed  

experimentally.  E lu t ion  k i n e t i c s  are repor ted  t o  be very slow, 

and extended contac t  t i m e s  (hours) a r e  required ( 3 , 4 ) .  Carbonate 

e l u t i o n  of uranium a l s o  leaves  p rec ip i t a t ed  calcium and mag- 

nesium carbonates on t h e  hydrous t i tanium oxide,  and means of 

c l ea r ing  these  from the  adsorber have not been wel l  described. 

6 .  Very low los ses  of t he  ex t r ac t an t ,  t o  ensure favorable  process 

economics and t o  avoid ocean contamination. Data on t h e  

phys ica l  s t a b i l i t y  of hydrous t i t an ium oxide and the  l o s s e s  

sus ta ined  during contac t  with the  seawater due t o  a t t r i t i o n  

o r  s o l u b i l i t y  a r e  fragmentary but suggest t h a t  l n s ses  may be 

very s i g n i f i c a n t  economically (12). Further,  s ince  t h e  uranium 

i s  adsorbed only on the  sur face  of t he  p a r t i c l e s ,  any su r face  

l o s s  as d ispersed  f i n e s  due t o  a t t r i t i o n  would represent  a 

p r e f e r e n t i a l  uranium los s .  

Low i n  c o s t ,  s ince  very l a r g e  volumes would be required i n  any 

recovery scheme t o  contac t  t he  l a r g e  volumes of seawater. 

Losses must a l s o  be low t o  minimize cos t s .  

mation is  a v a i l a b l e  concerning the  economic a spec t s  of preparing 

hydrous t i t an ium oxide i n  bulk quan t i t i e s .  

7.  

Essen t i a l ly  no infor -  

8. S t ab le  over extended time i n  an ocean environment. The su r face  

of t h e  adsorbent should not be fouled by the  growth of marine 

organisms o r  chemically a l t e r e d  by long exposure t o  seawater. 

L i t t l e  work has been reported on extended ocean t e s t i n g  of 

hydrous t i t an ium oxide. 

Hydrous m e t a l  oxide p r e c i p i t a t e s  usua l ly  have an i n d e f i n i t e  o r  

ge l - l ike  s t r u c t u r e .  

cross-l inkages and f requent ly  conta in  seve ra l  types of su r face  oxide and 

hydroxide groups. Thus chemical p rope r t i e s ,  such as ion adsorp t ion ,  

can vary dramat ica l ly  depending on the  prepara t ion  technique and 

h i s to ry  of t he  sample. 

exception. 

exchange p rope r t i e s  and s t a b i l i t i e s  f o r  hydrous t i t an ium oxide a s  

They a r e  composed of a v a r i e t y  of bonds and 

Hydrous t i t an ium oxide is  apparently no 

Research groups have repor ted  widely varying uranium 
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1028 KELMERS 

w e l l  a s  d i f f e r e n t  equat ions  f o r  t he  exchange r eac t ion .  This  l ack  

of agreement l i k e l y  r e s u l t s  from d i f f e r e n c e s  i n  the  prepara t ion  and 

t reatment  of t he  samples and g r e a t l y  complicates  a t tempts  t o  make 

q u a n t i t a t i v e  comparisons of repor ted  da ta .  

Severa l  engineer ing des ign  and cos t  e s t ima te  s t u d i e s  of uranium 

recovery from seawater u t i l i z i n g  hydrous t i t an ium oxide have been 

completed i n  the  l a s t  two decades. Since the  r e s u l t s  of comprehensive 

process  development e f f o r t s  t o  e s t a b l i s h  a complete flowsheet based 

on a c t u a l  tests have not  been publ ished ( i f  c a r r i e d  ou t )  and va lues  

have no t  been e s t ab l i shed  f o r  many of t h e  key process  parameters, 

these  engineer ing s t u d i e s  can be no more accu ra t e  than t h e  assumed 

va lues  f o r  the  process  parameters. Publ ished c o s t s  have ranged from 

hundreds t o  thousands of d o l l a r s  per  pound of U3O8. 

of the  energy e f f i c i e n c y  of uranium recovery from seawater  a l s o  vary  

g rea t ly .  The most r ecen t  energy a n a l y s i s  (14) s t a t e d  t h a t ,  i f  t h e  

seawater i s  pumped t o  a he ight  g r e a t e r  than 10 f t ,  more energy would 

be consumed i n  pumping than  could be generated by t h e  uranium i n  

a t y p i c a l  LWR, assuming no o the r  energy requirements  i n  t h e  process  

and 100% uranium recovery e f f i c i ency .  Others  (12) f e l t  t h a t  a 20- 

foot  pumping head would bc accep tab le  f o r  a p r a c t i c a l  system. A l l  

t he  published va lues  of  c o s t s  and energy e f f i c i e n c y  should probably 

be viewed with hea l thy  skept ic ism.  

Fur ther ,  e s t ima tes  

NEEDED FUTURE RESEARCH AND DEVELOPMENT 

Chemical Development 

Every technologica l  assessment or  engineer ing a n a l y s i s  concerning 

the  use  of an adsorbent  t o  recover  uranium from seawater has  confirmed 

t h a t  inadequate  c h a r a c t e r i s t i c s  of t he  a v a i l a b l e  adsorber  m a t e r i a l s  

l i m i t  t h e  a p p l i c a b i l i t y  o f  t he  concept. 

i n  developing dramat ica l ly  b e t t e r  adsorbents  l i k e l y  can be achieved 

only through a long-term fundamental chemistry program. 

breakthroughs t o  new l e v e l s  of understanding of adsorp t ion  andfor  i on  

exchange technology w i l l  b e  requi red  i n  what is a r e l a t i v e l y  mature 

technologica l  a r ea .  

S i g n i f i c a n t  f u t u r e  progress  

S i g n i f i c a n t  
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TECHNOLOGY OF URANIUM FROM SEAWATER 1029 

The research program should be comprised of the following 
elements: 

1. 

2 .  

3 .  

4 .  

5. 

Information exchange. It would be highly desirable to estab- 

lish an information exchange mechanism with the six to ten 
laboratories, primarily in Japan but also in Germany and other 
countries which have ongoing programs to develop and apply 
adsorbents for uranium recovery from seawater. 
Soluble species identification. Additional work should be 
done to actually identify the uranium species in seawater; 
U02(C03>34- has been assumed to be the major form, based on 
known stability constants. 
Fundamental sorption studies. The factors controlling metal 
carbonate anionic adsorption or ion exchange should be identified 

and quantified so as to maximize the uranium distribution 
coefficient, rejection of other carbonates, and sorption- 

desorption kinetics. 
complexes, and only limited existing extraction technology is 
available to guide this work. 
involve acidic systems where uranyl cations or uranyl nitrate 
or sulfate complexes are extracted or absorbed; thus that 
experience has only limited application to seawater. Uranium 
is extracted by ion exchange from carbonate leach solutions 
of conventional ores, and, although this is at much higher 
uranium concentrations than seawater, the experience may be of 
use in helping design new sorbents. 

Fundamental desorption studies. Methods of rapidly and effec- 
tively stripping the uranium and other species from the loaded 
sorbent without physical or chemical damage to the sorbent 

should be defined. 
New sorbent development. Using the fundamental information 
acquired, candidate sorbents for uranium from seawater should 

be prepared and evaluated in experiments at an ocean-side 
facility so that practical aspects, such as fouling due to 
marine organism growth or mineral deposition, as well as long- 

term stability on cycling, can be assessed. 

Few metals form soluble carbonate anionic 

Most uranium recovery systems 
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1030 KELMERS 

6. Flowsheet development. Complete recovery f lowshee ts  should be 

e s t a b l i s h e d  f o r  t h e  b e s t  candida te  s o r b e n t s  and confirmed by 

t h e  p r e p a r a t i o n  of s i g n i f i c a n t  samples of p u r i f i e d  uranium 

from seawater. 

Engineering S t u d i e s  

Obviously, u n l e s s  i t  i s  p o s s i b l e  f o r  a recovery p l a n t  t o  d e l i v e r  

a s u b s t a n t i a l  energy g a i n ,  t h e  e n t i r e  concept  of uranium recovery 

from seawater i s  i n v a l i d .  S ince  previous; estimates of energy e f f i -  

c iency  have v a r i e d  widely,  a c r i t i c a l  a n a l y s i s  should be performed. 

Most of t h e  energy would b e  involved i n  handl ing  t h e  enormous volume 

of seawater  a s s o c i a t e d  w i t h  any p r a c t i c a l - s i z e d  recovery p l a n t ;  t h u s  

a n  i n i t i a l  energy a n a l y s i s  could probably b e  made us ing  g e n e r i c a l l y  

def ined  sorbents .  Both pumped and t i d a l  b a s i n  c o n t a c t i n g  schemes 

should be eva lua ted  s i n c e  some previous ly  publ ished ana lyses  have 

apparent ly  precluded pumped schemes because of t h e  pumping power 

r e q u i r e d ,  whi le  o t h e r s  have precluded t i d a l  b a s i n  schemes due t o  

f a c t o r s  such as l a c k  of s u i t a b l e  s i tes ,  e c o l o g i c a l  d i s turbance ,  and 

s i z e  of t h e  c i v i l  works involved.  

could h e l p  i n  e s t a b l i s h i n g  minimum absorbent  c r i t e r i a  f o r  t h e  develop- 

mental work. 

The r e s u l t s  of t h e  energy a n a l y s i s  

The volume of seawater  t o  be handled i n  a p r a c t i c a l - s i z e d  

recovery f a c i l i t y  i s  t r u l y  enormous. A lOOO-MW(e) LWR reactoL 

r e q u i r e s  a n  i n i t i a l  charge of ~ 5 0 0  tons  of uranium and an annual 

replacement of ~ 1 5 0  t o n s  of  uranium, o r  h a s  a 30-year l i f e t i m e  demand 

of  $5000 tons  of uranium. 

seawater f a c i l i t y  could r e f u e l  66 e x i s t i n g  LWRs o r  s t a r t  up 20 new 

LWRs. A t  100% uranium recovery e f f i c i e n c y ,  an ocean stream equiva- 

l e n t  t o  25 t i m e s  t h e  annual  M i s s i s s i p p i  River  f low would have t o  be 

processed t o  recover  10,000 tons  per  year .  This  s c a l e  of o p e r a t i o n  

raises fundamental engineer ing  quest ions, ,  such as: Can a flow of 

t h i s  magnitude be pumped through adsorbent  beds and re turned  t o  t h e  

sea i n  such a manner t h a t  no backmixing w i t h  p l a n t  i n f l u e n t  occurs  

and s t i l l  achieve an  a t t r a c t i v e  energy ba lance  and p r a c t i c a l  uranium 

p r i c e s ?  Can any s o r t  of nonpumped ( t i d a l  flow, ocean c u r r e n t ,  

Thus a 10.000 ton-per-year uranium-from- 
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1031 TECHNOLOGY OF URANIUM FROM SEAWATER 

etc.) scheme offer a more attractive energy balance and uranium cost 
after consideration of the civil engineering works necessary to 
confine and/or channel this flow? 
of these and related questions could offer guidance in considering 

the practical aspects of  uranium recovery from seawater. 

A generic engineering examination 
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NOTE ADDED IN PROOF 

A topical meeting on "The Recovery of Uranium from Seawater," 
was held at The Massachusetts Institute of Technology, Cambridge, 

Massachusetts, on December 1-2, 1980. The proceedings are to be 

published by the MIT Press. 
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